Introduction
============

In 1963, with a set of copper induction coils, Baule and McFee [@B1] recorded for the first time a magnetocardiogram (MCG). Although this recording was very noisy, the discovery of the MCG stimulated future technological investigations. A subsequent study [@B2] improved the MCG by means of three mutually perpendicular induction coils, coupled by an impedance transformer to a low-noise amplifier. Nevertheless, although this new system of coils improved the MCG signal-to-noise ratio, its resolution was not still suitable for real time recordings of the P and T waves of the cardiac activity.

In 1964, in the Ford Research Labs, the superconducting quantum interference device (SQUID) [@B3] was invented. This new magnetometer allowed a rapid development of the MCG research [@B4]-[@B20]. After this invention, several SQUID systems for MCG were constructed; for instance, the 67-channels Neuromag system, or the 83 channels PTB-Berlin system. These multi-channel systems can be placed on the whole anterior chest of human subjects to obtain successful MCG recordings of about 50 pT.

However, these systems have been mainly used for investigations in humans, and there is scarce information in animal research [@B16]-[@B18]. The aim of the present study was to use a MEMS magnetic field sensor to detect the magnetic flux density emitted by the thorax during respiratory activity of animals in experimental conditions. In a previous report, we performed several tests for the first prototype of this sensor to detect the magnetic flux density of an artificial neuron [@B21].

Materials and Methods
=====================

Animals
-------

Experiments were performed using male Sprague-Dawley rats (200-350g). Guidelines contained in the National Institutes of Health *Guide for the Care and Use of Laboratory Animals* (85-23, revised in 1985) and the "Norma Oficial Mexicana NOM-062-ZOO-1999", were strictly followed. Anesthesia was induced with a mixture of ketamine (100 mg/kg, ip) and xylazine (5.2 mg/kg, ip). The level of anesthesia was verified throughout the surgery and the whole experiment by monitoring arterial blood pressure and by testing for the lack of withdrawal reflexes and muscle tone. Doses of the ketamine-xylazine mixture were given when necessary. The radial vein was canulated to administer fluids and the carotid artery to monitor blood pressure. A bicarbonate (100 mM) and glucose (5 %) solution was delivered intravenously throughout the experiment at a rate of 5 mlh^-1^. Dextran and saline solutions were given as necessary to maintain blood pressure between 80 and 120 mmHg. Body temperature was maintained at 36-37 ^o^C. Rats were placed in a supine position with paws taped to the operating table. With direct visualization of the trachea, an endotracheal tube was inserted and connected to a Harvard rodent volume-cycled ventilator cycling at physiological speeds, with volume sufficient to adequately expand the lungs. The inflow valve was supplied with 100 % oxygen. The sternum bone was removed to obtain an open thoracic cage preparation. We removed tissue to obtain a direct visualization of the heart and the lungs. At the end of the experiment each animal was euthanized with an overdose of pentobarbital. For histological purposes the thorax with heart and lungs was placed in a solution of 10 % formalin.

Electrophysiological recordings
-------------------------------

Shielded custom-made bipolar electrodes were made to reduce artifacts. The electrocardiogram (ECG) signal was obtained through standard three-lead electrodes. Furthermore, other pair of bipolar electrodes was inserted on thoracic muscles to obtain recordings of the electromyogram (EMG) during the respiratory rhythm. The ECG and the thoracic EMG were amplified with GrassP511 amplifiers (Astro-Med, Inc, USA) over a bandwide set between 0.3 Hz and 10 kHz.

Recording of respiratory activity in intact anaesthetized rats
--------------------------------------------------------------

In other series of 3 experiments rats were anaesthetized with isoflurane via a nose mask. The thorax was keep intact and the MEMS sensor was placed at several positions from the chest surface. In order to detect respiratory activity an electret microphone was coupled to the mask. The microphone and cables were shielded. The output of this amplified and filtered electret signal was send to the input of a window discriminator, which generated trigger pulses. Then the expiratory activity was detected with the window discriminator and it was employed for averaging (32 samples) the signals detected with the MEMS sensor.

The MEMS magnetic field sensor
------------------------------

Our sensor is a small magnetometer based on MEMS technology developed at the Research Center for Micro and Nanotechnology from the Universidad Veracruzana, Mexico. This research group has publications about this type of MEMS magnetic field sensor [@B22]-[@B24] and some demonstrated applications [@B21]. The sensor exploits the Lorentz force and has an easy fabrication process, a small size and a high sensitivity. Figure [1](#F1){ref-type="fig"}A shows an image of the main elements of the proposed sensor. It has a compact resonant structure (700×600×5 μm) integrated by an array of silicon beams and uses a piezoresistive sensing system. A signal conditioning system (Figure [1](#F1){ref-type="fig"}B), together with the sensor, was integrated into a PCB in order to make a digital signal processing, and reduce the electromagnetic noise environment below the signal of interest.

Data acquisition
----------------

Data acquisition of the ECG, the thoracic EMG (or the respiratory activity recorded with the electret microphone) and the Magnetic signals recorded with the MEMS sensor was performed at 10K Hz, employing Digidata and Axoscope software (Axon-Instruments). We performed an averaging of the signals by means of a trigger commanded by a window discriminator (WPI, USA). The ECG or the electret microphone recordings were used as the trigger signal. We averaged 32 samples to obtain clear MCG traces. The respiratory magnetogram was also recorded in continuous mode.

Statistical analysis
--------------------

Coherence between the rectified an integrated EMG and respiratory magnetogram was calculated. The coherence magnitude of a 95 % confidence interval was also obtained. Data were expressed as mean±sd. We used the coherence function of the Matlab software (Mathworks) to perform coherence analysis.

Results
=======

We performed experiments in 5 anesthetized and ventilated rats. Our experimental paradigm consisted in the recording of the magnetic flux density inside or in the proximity of the rat thoracic cage, which was open at the level of the sternum bone (Figure [2](#F2){ref-type="fig"}A). In order to find the correct position in which the emitted magnetic field reaches its maximum value we used a micromanipulator to rotate the MEMS sensor throughout different positions and angles. We found a position dependent magnetic flux density, which is probably given by the composition of different magnetic fields generated by the heart, lungs, and thoracic muscles. To avoid artifact movements the MEMS sensor did not touch the rat. In all our experiments the thoracic-muscle electromyogram and the electrocardiogram were also simultaneously recorded, and they served as a reference to compare both magnetic and electric signals generated by activity of heart and thoracic muscles.

With the MEMS sensor positioned at 0 mm and 45°, we recorded a strong magnetic flux density produced by muscles of the thorax during respiration, of about 600 ± 104 nT (mean±sd, five rats) (Figure [2](#F2){ref-type="fig"}B), as well as a MCG of about 98 ± 49 nT (pink box of Figure [3](#F3){ref-type="fig"}B). This angle was the optimal because our MEMS sensor detects the maximal component of the magnetic flux density in parallel direction to its resonant structure, as illustrated with yellow arrows in Figure [1](#F1){ref-type="fig"}A. This is the first evidence that thoracic muscles can produce a strong magnetic flux density during respiratory activity (i.e., a respiratory magnetogram). Figure [2](#F2){ref-type="fig"}B shows continuous recordings of the respiratory magnetogram and electromyogram of the thoracic muscles. A significant coherence of about 1 was found between both signals for all the rats; the horizontal line in (Figure [2](#F2){ref-type="fig"}E) represents the coherence magnitude of a 95 % confidence interval. Similar results as illustrated in Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} were obtained in 4 other rats. Figure [3](#F3){ref-type="fig"}A illustrates that the MEMS sensor was displaced in different positions inside and outside the thoracic cage.

Figure [3](#F3){ref-type="fig"}B shows the averaged recordings of the electrocardiogram and the MCG obtained with the MEMS sensor in 5 positions. Because the MCG could not be observed in the online recordings we performed and averaging of these magnetic fields by means of an ECG triggering averaging. The recordings in Figure [3](#F3){ref-type="fig"}B were obtained by averaging over 32 sample measurements. The sensor was positioned at an angle of 45^o^. Note that at 4 mm outside the thoracic cage the strength of the magnetic flux density, i.e., the MCG, is close to only about 20 nT. However, there is a resonant position at 2 mm inside the thoracic cage, where the magnetic flux density reaches a maximum value close to 100 nT.

We employed the same experimental paradigm and the same recording angle of 45° as in Figure [3](#F3){ref-type="fig"}, but for the respiratory magnetogram in three other rats. Figure [4](#F4){ref-type="fig"}B illustrates averaged recordings (32 samples) of this respiratory magnetogram for one rat. Figure [4](#F4){ref-type="fig"}B shows that these signals exhibit their maximal amplitude for positions close to the thorax (about -2 mm to 4 mm). We calculated the grand average of the respiratory-magnetogram amplitude for three rats and we obtained graphs of this grand average versus the recording position (Figure [4](#F4){ref-type="fig"}D). We found an inverse relationship between the magnitude of this respiratory magnetogram and the recording position.

Furthermore, we employed the same experimental paradigm, angle of 45° and positions, as in Figure [4](#F4){ref-type="fig"}B, but in three other intact rats. Figure [4](#F4){ref-type="fig"}C shows averaged recordings (32 samples) of this respiratory magnetogram for one intact rat. We found a maximal magnitude of this respiratory magnetogram for positions close to the thorax as illustrated in Figure [4](#F4){ref-type="fig"}C. Furthermore, as illustrated in Figure [4](#F4){ref-type="fig"}E, we also found an inverse relationship between the magnitude of this respiratory magnetogram and the recording position (results obtained from the grand average of the respiratory-magnetogram amplitudes of three intact rats).

Discussion
==========

We recorded a strong and rhythmic respiratory magnetogram of about 600 nT by means of a MEMS sensor. In all the ventilated rats, we observed that after an overdose of ketamine the respiratory magnetogram was completely abolished, thus suggesting that the magnetic signal detected with the MEMS sensor was not produced by a movement artifact due to the rodent ventilation system. We suggest that a synergistic contraction of the thoracic muscles mainly contributes to the emission of the magnetic field that is recorded with the MEMS device.

In our experiments, with the open thorax of the rat, we also recorded a MCG of about 100 nT which is about 2,000 or 10,000 times stronger than the typical MCG detected on the chest of human subjects (50 pT) or rats (10 pT) with the SQUID magnetic detector, respectively. Discrepancies in the magnitude of these magnetic flux densities could be explained for differences in the animal preparation employed (i.e., open thorax, in our case versus intact thorax in other studies). An alternative explanation could be the close proximity to the heart of our MEMS sensor, inside the thoracic cage with an optimal angle, regarding the horizontal plane of the chest. Other explanation could be the method of ECG triggering averaging of the MCG, which exclude uncorrelated signals from the MCG.

Fluctuations in strength of the respiratory magnetogram could be employed to analyze the respiratory dynamics in different physiological aspects. In this context, our findings could attract the attention of physicians, physiologists, biologists and biomedical researchers.
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![**A**, Image of a magnetic field sensor based on MEMS technology. **B**, Image of the signal conditioning system implemented in a PCB for the MEMS sensor.](ijmsv10p1445g01){#F1}
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Sensing magnetic flux density of the thoracic cage with a MEMS device during respiratory and cardiac activity. **A**, Diagram of the experimental arrangement. A MEMS magnetic field sensor was introduced within the open thoracic cage of an anesthetized and ventilated rat. **B**, Electromyogram of the thoracic muscles and magnetic flux density recordings during the respiratory activity of the rat (respiratory magnetogram). **C**and**D**, Power spectrum density (PSD) calculated from the EMG and from the magnetic flux density, respectively. We found a significant coherence (**E**) between these rectified and integrated electric and magnetic signals at the respiratory frequency.
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![**A**, Diagram of the experimental arrangement, indicating angle (45°) and positions of the MEMS sensor during the recordings. **B**, In each box, the upper trace shows the electrocardiogram (ECG) recording; and the lower trace, the magnetic flux density for the respiratory activity (i.e., the respiratory magnetogram B~MEMS~). The numbers in millimeters (mm) indicate the different positions in which the sensor was placed.](ijmsv10p1445g04){#F3}
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**A**, Diagram of the experimental arrangement, indicating angle (45°) and positions of the MEMS sensor during the recordings. **B**, In each box, the upper trace shows the respiratory activity detected with the electret microphone; and the lower trace, the magnetic flux density for the respiratory activity (i.e., the respiratory magnetogram B~MEMS~). **C**, The same as B, but for an intact rat. The numbers in millimeters (mm) indicate the different positions in which the sensor was placed. **D** and **E**, Grand average of the respiratory magnetogram versus the sensor position, for three rats with the open thorax and three other intact rats, as indicated (mean±sd).
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